J. Phys. Chem. A998,102,4883-4889 4883

Density Functional and Complete Active Space Self-Consistent Field Investigations on the
Structure and Electronic Properties of TiCyx (x = 2—4) Clusters
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The structures and energies of the previously not studied titanium carbidéX®C3—4) clusters have been
investigated by density functional theory (DFT) using the hybrid B3LYP functional in their singlet, triplet,
and quintet potential energy surfaces. The planar four-membered ring stridsyretherwise called the

“fan” structure, with a transannular FC bond is the global Tigminimum and 21.5 kcal/mol more stable
than the transannular-&C bond structureYIlt (“kite” structure) at the DFT level. Both cyclic structures

are energetically favored over a linear quintet minimum. Electronic structure and the nature of bonding in
the various electronic states of the fan and kite structures of fa€e been well-characterized at the complete
active space self-consistent field (CAS(12,12)) level. For the, TiGster, two nonplanar structures have
been considered in addition to three linear, fan, and kite geometries. Nonplanar structures are characterized
as higher energy minima. The harmonic frequencies calculated using the DFT method fer@stiEtching
vibrations in TiG are in good agreement with the recent experimental results supporting the identification of
new tetra- and pentaatomic titanigroarbon clusters.

Introduction consistent field (CASSCF) levels. The geometry of Ji€
found to be a triangulat,, structure with a 2-fold coordination

of a G moiety to Ti. Also, almost 10 electronically excited
states are calculated to be separated by less than 40 kcal/mol
from the ground state. Our theoretical prediction is in very good
agreement with the recent experimental observation of rich low-

Castleman and co-worketsn the beginning of this decade,
produced TiCn clusters (met-cars) in molecular beams by
reacting transition metal vapors with a variety of hydrocarbons.
Since then, a number of investigatiérimve been carried out

on TigCy2 and related species with a view to understand the - .
electronic bonding in met-cars and the relative stabilities of the lying electronic excited states by Wang et’alThe B3LYP

met-cars and cubic structures. Despite the intensive researct£OMPuted harmonic vibrational frequency for the symmetric
on met-cars, all these years since its discovery, the structure!1—C Stretching vibration in Tigis 587 cni?, which is quite

and bonding of these unique clusters are still not well- close to the experimental absorptiaat 560 cn™.

understood. However, a systematic and clear understanding of To our knowledge, there exists no theoretical study on,TiC
the detailed structure and bonding of the small metarbide (x > 2) systems. Hence, the present study continues the series
clusters would lead to valuable insights into the growth and of carbon-titanium clusters, concentrating on a detailed ab initio
formation of the met-car.” In this regard, the very recent  theoretical analyses of the potential energy surfaces of iid
photoelectron spectral studies by Wang etilovide the first  Tic, in their different electronic states. The results will be
and only spectroscopic and electronic information onxT,C  compared with the experimentally and theoretically well-studied

= 2-5) clus;rgrs. In the absenc«i of any other thheoretical hor lanthanum metal carbides. Besides being interesting from the
experimental investigations on these systems, these aut OHoint of view of met-cars, the electronic structure of titanium

interpreted their results on the ground-state vibrational frequen- and the compounds it forms are intriguing, since it is the simplest

cies as well as the adiabatic electron affinities of Ji§ using group IVB analogue of the well-studied group IVA elements,
ring-type structures that are known to be the ground-stateCand Si. Within the group IVA elements, differences exist in
structure for similar Y& and LaG%13 clusters. , group '

the bonding and structure of carbon clusters as compared to

M OCur :ar]r:zrfstirlnr\l/ggt_;gstri tglllj'js?grt;;y thﬁebnu(;ﬁ'ggo?lloclt‘s tﬁ];s silicon clusters. The isoelectronic (valence electrondpors
§-12 9 gp ' a linear structur-18over the rhombic form, while $iprefers

regard, we wish to characterize the simpler-G compounds, . 920 . L
the potential candidates for the building blocks, namely, TiC, a rhombic form:>2° In S|I|cor_1-conta|n|ng car_bon cluste_rs, the
photoelectron spectth of SiC;~ suggests it to be linear.

TiCy, TiCs, TioC, TixCy, and TiCs, by using ab initio calcula- .
tions. The simplest compound, TiC, has already been studiedHOWever, according to the results of the calculatidor the

at CASSCF415MRCI 14.15and DFTS levels. All calculations neutral SiG, the rhomboidal ring structure is 4.1 kcal/mol more
confirm that the ground state of TiC is tRE* state with the ~ Stable than the linear triplet SC—C—C isomer. Hence, it is
equilibrium Ti—C distance varying from 1.66 A to 1.76 A with worthwhile to see the impact of the fundamental differences
different levels of calculation. The next homologue, titanium between %? and &d® configurations. We present here the
dicarbide, has been investigated byust the hybrid density ~ structure and energetics of the various possible conformations
functional (B3LYP), internally contracted multireference con- of TiCz and TiG in their singlet, triplet, and quintet multiplici-
figuration interaction (MRCI), and complete active space self- ties. We consider for DFT optimization various possible nuclear
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Figure 1. Optimized geometries for the singlet, triplet, and quintet isomers of ai@he B3LYP level of theory, with triplet and quintet geometries,
respectively, in parentheses and square parentheses. Bond lengths are given in A

arrangements, and we then investigate the electronic structure

for the most stable minima by using the multiconfiguration
approach.

Computational Details

The calculations presented here were performed by using the
density functional theory. The exchange functional in the hybrid
B3LYP23 method is comprised of three terms, including the
Hartree-Fock exchange functional. The correlation functional
is that of Lee, Yang, and Patt. To characterize the nature of
the stationary points, harmonic vibrational frequencies have also
been calculated at the DFT level. The titanium basis set was a
(14s,11p,6d,3f/8s,6p,4d,1f) formed from Wacht&r{d4s,9p,-
5d) basis set with the addition of Hay's diff#88d function.

The f Slater type function (STF) exponent was taken from
Bauschlicher et af? and the Gaussian type function (GTF)
exponents were derived by using Stewart’s contractior?fits.

For carbon, the standard DZP (9s,5p,1d/4s,2p,1d) basis set Wagatest

used. B3LYP calculations were carried out with MULLIKEN
program. The favored geometries at the B3LYP level forsTiC
have then been characterized at the multiconfiguration level to
understand the nature of bonding and the electronic structure
of TiCs. The CASSCF optimizations included 12 out of 16
valence electrons. The four valence electrons corresponding
to the C-C o bonds have been kept inactive. The 12 active
orbitals included the lone pairs (@and 4b), ir (3b; and 10A),

7" orbitals of G, Ti—C ¢ bond (5B), and the metal d orbitals.
The calculations were carried out by choosing #exis and
theyzplane as th€,-axis and the molecular plane, respectively.
MOLPRO-96° has been employed for CAS(12,12) optimiza-
tions.

Results and Discussion

The ground state of titanium carbides are formed from the
ground 3d@4< (°F) state of titanium and one of the low-lying
singlet or triplet states of the&lusters. The lowest excited
state of titanium, 3#s! (°F), is only 0.8 eV above its ground
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Figure 2. Plot of the relative energies (kcal/mol) of the various isomers
in different electronic states of the TiCluster.

and this state is responsible for the bondfnig TiN,

TiO, and TiC. Therefore, it is likely that this state plays a
significant role in the bonding in TiCtoo. Hence, except for
the possible septet electronic states, the geometry search has
been carried out for singlet, triplet, and quintet multiplicities.
Geometry optimizations have been performed for the various
electronic states at the B3LYP level, starting from different
nuclear arrangements that included linear (I, Il), planar three-
membered cyclic (llI, 1V, V), planar four-membered cyclic (V,
VI), and the nonplanar tetrahedral (VII) geometries. The
B3LYP optimized geometries of all investigated structures for
TiCz and TiG in their singlet, triplet, and quintet states are
displayed in Figures 1 and 4, respectively. The numbers in
parentheses and square parentheses correspond to the optimized
values on the singlet and quintet surfaces, respectively. The
relative energy of all the structures in various electronic states
of TiCz is shown in Figure 2, while that of TiJs shown in
Figure 5. The vibrational frequencies of ki@nd TiG are
tabulated, respectively, in Tables 1 and 2, however, only for
the minimum energy structures. The CAS(12,12) optimized
structures of the various excited states of the “fan” and “kite”
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Figure 3. CAS(12,12) orbital correlation diagram for bond-stretch

-0.411 -0.386
3b 3b

-0.420 -0.464 =

5b2 10a1
-0.678 -0.643
9a 1 9a 1

isomerism in TiG.

TABLE 1: Unscaled B3LYP Harmonic Vibrational

Frequencies of the Various Minima on the Singlet, Triplet,
and Quintet Potential Energy Surfaces of the TiG Molecule
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171.8, 206.0, 413.9, 458.5, 1408.9, 2017.2
134.4,349.4, 368.8, 448.4, 1273.7, 1923.1
106.9, 158.5, 210.4, 395.1, 860.8, 1806.9
30.7, 95.8, 423.3, 548.5, 660.4, 1804.7
465.3 591.2,686.5 833.6, 1281.3, 1531.4
402.9, 408.2, 591.0, 765.5, 1268.8, 1547.8
215.7,490.4, 518.6, 694.3, 981.9, 1342.4
312.3,459.5, 544.5, 864.6, 1090.1, 1417.4
287.4,337.7,388.9, 861.6, 1119.9, 1599.7

a Reference 8 in the text.

isomers of TiG are given in Table 3 along with their electronic

configuration.

TiCs. Linear Structures The linear isomer of main interest

650

J. Phys. Chem. A, Vol. 102, No. 25, 1998385

and Ti=C bonding as expected for a cumulene-like valence
structure and is a minimum on the B3LYP potential energy
surface, PES. lts calculated—C bond lengths of~1.32 A

are intermediate between that of a normat@ double bond
length in ethylene (1.35 A) and a normal triple bond in acetylene
(1.21 A). The G-Tibond length of 1.93 A is typical of a ®C
double bond. The geometry of the triplet structlireliffers
much from that of the quintet with respect to the-T bond
length (0.11 A). Even though the rhombic structitieis the
preferred geometry on the singlet and triplet surfaces, the linear
isomerl is a stable minimum and is a highly competitive isomer
on the quintet surface.

The linear isomer with an internal Ti atoly lies 68 kcal/
mol abovelg. The increase in energy could probably be due
to the increased FHC pi bonds at the expense ofC s bonds.
The Ti—C bond distances show significant difference(2
A). The isomeilit can be visualized as the addition of atomic
carbon with the linear HC—C structure. However, the
C—Ti—C bond distances in the singlet surface suggest it to be
the addition of T+C to G, moiety, and this structure is a local
higher energy minimum only on the singlet surface.

Three-Membered Ring StructuresThree possible three-
membered ring structures, vizll , IV, and V, have been
considered for geometry optimization. The viable three-
membered ring and also a minimum on the PES is the isomer
Illg , which contains an exocyclic carbon attached to Ti of the
TiC, ring. However, this isomer lies approximately 76 kcal/
mol above the most stable conformer of FiQVIs). An
analogous isomer for Laf® has not been considered, while
such an isomer has been characterized as a higher energy
minimum in the case of SK®? In terms of the energetic
behavior, the most favorable three-membered ring structure is
IV with the titanium atom exocyclic to the ring. However, the
vibrational analysis shows this structure as a transition state with
a single imaginary frequency, 222i cfa Analysis of the
eigenvectors corresponding to the negative eigenvalue of the
force constant matrix suggests it to be the transition state for
the degenerate rearrangement to the “fan” isorhér, Geo-
metric searches for the conform¥érwith an exocylic carbon
attached to the carbon of a Ti@ng (not shown in Figure 1)
led to the most favorable four-membered ring structiie,In
summary, all three-membered ring structures exdiégt are
either saddle points with respect to the degenerate rearrangement
or stationary points of higher order. A similar behavior has
been observed for the analogous three-membereé ritigic-
tures of SiG and SjC; clusters® However, a three-membered
ring with an exocyclic lanthanum was reportétb be a higher
energy minimum at DFT and MP2 levels.

Four-Membered Ring StructuresTwo probable cyclic
structures, viz.VI or the “fan” structure an¥Il or the “kite”
structure, involving all four atoms of Tighave been considered
for optimization in their lowest singlet, triplet, and quintet states.
Structure VIs with a transannular HC bond is the most
favorable structure. Structukd has an inverted tricoordinate
titanium as well as an inverted tricoordinate carbon atom. These
inverted tricoordinate $ghybridized carbon and X (B, Si, Be)
atoms are well-document&dfor rhombic GBe, GSi, CG:BH
and GSi,? systems. Both fan and kite structures in these
molecules represent a set of bond-stretch isomers and have been
showr#? to be related via a level-crossing mechanism. However,

contains a terminal titanium atom showing the preference of in the case of &Be, GSi, and GBH, the isomer analogous to
titanium not to partake in multiple bonding. The quintet form VIl with a transannular €C bond is predicted to be the most
Ig (Cw,) is the most favored electronic configuration over the Stable isomer.

triplet or singlet states via Hund’s rule and displays strorg2C

The transannular HC distance in théA; state of structure
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Figure 4. Optimized geometries for the singlet, triplet, and quintet isomers of ai@he B3LYP level of theory, with triplet and quintet geometries,
respectively, in parentheses and square parentheses. Bond lengths are given in A.
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Figure 5. Plots of the relative energies (kcal/mol) of the various
isomers in different electronic states of the Ti€uster.

IX

VI is 1.962 A and is, therefore, indicative of significant-10
bonding across the ring. The B3LYP optimized value of CCC
angle equals 132°3 Triplet and quintet forms o¥I show
distinct differences with its singlet structure. Most importantly,
the transannular HC distance increases from singlet (1.962
A) to triplet (2.024 A) to quintet (2.188 A) states. Also, the

complexation of Si to the middle carbon of the lineay. Gn

the rhombic form of TiG, the peripheral FC bonds are much
stronger (Mulliken bond order= 1.83) compared to the
transannular FC bonds (Mulliken bond order 0.68). The
harmonic vibrational frequencies ®is are tabulated in Table

1. As can be seen, the symmetric and asymmetrieCC
stretching vibrations occur at 1281;Yand 1531 (B cm™,
respectively. The FC stretching frequencies are symmetri-
cally coupled and the asymmetric and symmetric stretches occur,
respectively, at 465 ¢ and 686 (@ wavenumbers. In Tig

the symmetric T+C stretching vibration was calculated to
absorb at 587 cmi at the same level of calculation. It is
appropriate to mention that these computed values are in good
agreement with the experimentally observed vibrational fre-
guencies of TiG (560 cnt!) and TiG (650 cnt?).

Structure VIl also corresponds to a four-membered ring,
however, involving a transannula distance of 1.44 A, and,
hence, is indicative of significant across-the-ringC bonding.
The transannular €C distance increases from triplet (1.436
A) to singlet (1.506 A) to quintet (1.521 A). IVIit, the
Mulliken bond orders for the €C and Ti~C bonds are 1.35
and 1.14, respectively. It involves tweo bonding electrons
delocalized on the £xing. The correspondinglls singlet has
thesex electrons delocalized over the whole %i€ng, and
hence the FC distance in the singlet (1.90 A) is shorter than
that in the triplet and has a partial multiple bond (Mulliken bond
order= 1.49). However, isomeYIl is around 21.5 kcal/mol
higher in energy compared to the transannular@iring. The
vibrational analysis oWIl shows it to be a minimum on the

peripheral Ti-C distances increase in the same way, and as asinglet, triplet, and quintet potential energy surfaces.

consequence the -€C distances decrease. The-C bond
lengths inVI vary from 1.35 A, to 1.33 A, while varying the

In addition to these planar four-membered ring structures,
we also have investigated a nonplanar structlie. Though

multiplicity of the state, and this magnitude corresponds to a such a nonplanar structure has not been obtained for the isomers

carbon-carbon double bond. The structure is significantly
different from the correponding SiGsomer?? In the latter,

the transannular SiC distance is shorter than the peripheral
Si—C distances.

of SiC; and SjC,, we found it to correspond to a minimdtn
in the case of TiC,. However, our calculations on the nonplanar
structure for TiG reveal it to be a saddle point on all three

Hence, its bonding was explained as the electronic surfaces. Structukdll can be visualized as the
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TABLE 2: Unscaled B3LYP Harmonic Vibrational Frequencies of the Various Minima on the Singlet, Triplet, and Quintet
Potential Energy Surfaces of the TiG Molecule

species frequecies in crh exptk
IXs 115.2, 216.7, 239.3, 419.7, 523.7, 527.9, 1015.0, 1875.6, 2138.9

IXt 106.6, 179.1, 240.9, 401.3, 479.0, 534.2, 1105.6, 1878.9, 2093.6

IXq 96.6, 222.9, 237.3, 326.2, 407.4, 502.4, 962.8, 1801.8, 2044.6

Xt 94.2,106.2, 145.9, 301.4, 334.4, 425.7, 807.4, 1286.3, 1932.9

Xq 44.1, 66.5, 180.6, 413.4, 419.2, 441.0, 573.4, 1431.9, 1909.9

Xlq 32.23, 163.5, 169.0, 258.5, 265.5, 357.2, 452.2, 1869.2, 1885.0

Xlis 118.7,165.2, 432.0, 446.9, 514.1, 875.3, 982.3, 1111.9, 1740.6

Xliq 134.6, 221.8, 392.9, 405.2, 474.1, 870.9, 908.2, 1123.9, 1528.1

Xllis 256.1, 423.9, 449.8, 516.4, 594.7, 600.6, 1061.9, 1638.7, 1771.5

Xlllt 251.9,391.1, 399.8172.2 473.6, 601.1, 1055.5, 1789.2, 1882.7 440
Xllig 156.9, 353.8, 356.5, 450.6, 458.5, 483.9, 1056.1, 1531.5, 1801.7

XIvVq 256.1,311.1, 421.8, 431.8, 663.0, 780.4, 819.6, 851.2, 1215.6

XVs 132.5, 241.9, 448.0, 522.9, 608.3, 737.1, 797.9, 1237.9, 1470.4

XVt 181.9, 193.1, 442.5, 455.1, 572.7, 691.4, 1162.0, 1163.3, 1206.3

XVq 187.5, 404.2, 430.2, 515.0, 585.4, 637.2, 738.8, 1174.6, 1205.2

a Reference 8 in the text.

TABLE 3: Summary of CASSCF Calculations on (a) Fan and (b) Kite Isomers of TiG2

isomer state coefficient occupation R(Ti—C) R(C-C) trans(%-C) AE
(a) A —0.89 108%3by%6b,°18? 1.959 1.349 2.013 0.0
(@ °B 0.90 10a*4b'6h,* 15" 2.110 1.338 2111 21.5
(a) A, —0.77 10g%4by'6b,' 18? 2132 1.352 2.185 22.3
(@ Az —0.90 11a'3b%6h,%1a" 2.058 1.332 2.084 24.1
(@ A, 0.64 11a%(0)3n%6b”1a(B) 2.049 1.334 2.082 30.2
—0.64 11a%(B)3b26h? 18k (or)
(a) 3B, 0.84 11a'3b%6b,'1a° 2.078 1.334 2.133 335
(@) Aq 0.87 10AZ3b%6b "1 & 2a" 2.145 1.345 2.109 38.1
(®) B, —0.58 11a'(0)3b26k,*(B) 1 2.092 1.332 2.178 38.6
(a) 3B, —0.87 114y '6b, 2.339 1.315 2.286 41.4
(@ A —0.91 11a23b,%6h,? 2.241 1.301 2.168 46.5
(b) Az 0.73 123'3%5h,* 15" 2.263 1.362 1.557 23.0
(b) 3B, —0.65 124,50, 2.303 1.358 1.543 23.1
(b) °B; —0.96 11a°4b'5b,% 18" 2.044 1.444 1.456 23.8
(b) By 0.47 12a%(a)4n'(B)5h,? 2.289 1.358 1.532 35.9
(b) A 0.89 1183?50, 1a? 1.937 1.439 1.603 45.1
(b) *Aq 0.94 12a"13a'30?5h, 2.037 1.429 1.409 47.7
(b) Ay 0.78 12a°3?5h,? 2.035 1.439 1.445 62.3

a Coefficients and geometries are taken from the CASSCF minimum. Bond lengthsAi /& kcal/mol.

cycloaddition product of €to Ti—C molecule. We present corresponds to the three centéwo electron (3e-2e) Ti-C o

here the structure for the sake of completeness. bond involving the ¢ orbital of the metal, the doubly occupied
Figure 2 presents the relative energy of the various states of1& orbital hosts ther back-bonding between the metal, d
all the isomers investigated in the current study forsTiThe orbital and the emptyr orbital of the G unit located on the
global minimum on the Tig potential energy surface corre- terminal carbons. Thus, the Sbontributes to ther donation
sponds tdVIs and has other minima on the singl#&tiis, 1ls), from the G fragment, and consequently the metgl arbital

triplet (VIt, VIIt , It), and quintetYIlq , Iq, llig ) surfaces. The  exerts a strong antibonding interaction with the ligand orbitals

solid lines correspond to minima, while the dotted lines represent and as a result is placed energetically well above the other d

saddle points and stationary points of higher order. orbitals. We have optimized the structure of 12 different states
CAS(12,12) Characterization of Isomers VI and VII. For of symmetry and multiplicity at the CAS(12,12) level. The

the fan structure of the TiOmolecule, the important valence lowest triplet state®,) is about 20 kcal/mol above the ground

orbitals participating in the bonding scheme are shown in Figure state and has the two unpaired electrons J4p(tl) and d,

3 along with those for the kite structure. The electronic (4by) orbitals of the metal. A careful analysis of the energetics

configuration of the fan Tig (A1) structure is 10&#3b,26b,%- of the different excited states suggests the ordering of the metal

1a?, out of which the core orbitals correspond to 8222 orbitals in the fan structure of Ti3o be dy (") < dy, (7) <

3,2 scheme. The closed 8and 4h orbitals correspond to ~ O¢—2 =~ d2 < dy; (0).

C—C o bonds and are not included in the CAS active space. The electronic configuration of the kite Ti¢'A;) structure

The closed 9aand 5b orbitals are predominantly the lone pairs is 11a23b,%5b,21&2, with the same core framework as the fan

localized on the peripheral carbons and are directed toward thestructure. The closed 8and 4b orbitals are the €C sigma

titanium atom. Ther orbitals of the G moiety transform as;a bonds. The closed 9and 5b orbitals depict the lone pair

(10a) and h (3by) irreducible representations under the character. The 3borbital corresponds to the ligandorbital.

symmetry operations of th@,, point group. They involve two  The doubly occupied &torbital of the fan structure is left vacant

m bonding electrons delocalized completely over theu@it, in the kite conformer. The other active orbital in the CAS space,

resulting in a strong peripherataC bonding. It is worthwhile viz., the 10a orbital, corresponds to the transannularCo

to mention that the transannular-IC bond acquires some bond with appreciable lone pair character on the symmetry

stability from the 10a orbital. While the closed 6borbital unique carbon atom. Thus, the three Co bonds in the cyclic
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Cs unit can be identified with 8a10a, and 4b orbitals. The
correlation diagram for Tig(Figure 3) points out a crossing
of the 11a orbital of the kite isomer and the gbrbital of the

fan isomer to unoccupied molecular orbitals, respectively. This
simple level crossing mechanism explains the bond-stretch
isomerism. In TiG, the fan isomer is more stable compared to
the kite isomer, in contrast to XX = BH, Be, Si) systems.
This is essentially due to the strong-IC ¢ bonds formed with
the d orbital of the metal. The overlap is very effective with
the d orbital of Ti compared to the p orbitals of X. The lobes
of the d orbitals are appropriate for this bent-2e bond. The
114 orbital of the kite isomer has its electron density smeared
away from the C-C bond and toward the metal atom. Indeed,
it reflects the degree of electron density depletion from theCC
bond toward the Ti atom. Consequently, it leads to strengthen-
ing of the peripheral €Ti bonds. Hence, it is obvious in the
kite structure with short cross-ring-€C distances that the
heteroatoms “interact” with a side of the cyclig Gnit. The
strength of this interaction varies with the electronic state, and
it determines whether there remains cross-rinrgGCbonding.
The transannular €C distance varies appreciably with the
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Figure 6. Atomic charges and dipole moments (in debye) for the
different structures of Tig(x = 2—4).
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represented as #&C—Ti—C=C:. The bond orders calculated

nature of the electronic state (see Table 3). The ground statelfom the Mulliken population analysis for the<C and Ti-C

of the kite isomer corresponds to a triplet state. It is worthwhile

to mention that the DFT method could reproduce this state as

the low-lying state. However, the DFT-predicted-T bond
lengths are relatively shorter and the-C bond lengths are

bonds are 2.66 and 0.90, respectively.

Four- and Fie-Membered Ring Structuresisomer XiII
could be visualized as the kite isomer of Ei®ith an external
carbon. All carbons are multiply bonded. Itis a higher energy

relatively longer than those of the CAS(12,12) optimized Minimum on TiG potential energy surface, and it lies even
structures. Nevertheless, the energy difference between theigher than the linear structul. In the case of Lagand
ground states of the fan and kite isomers is 23.1 and 21.5 kcal/SiCa t00, the corresponding kite isomer is disposed far above

mol, respectively, at CAS(12,12) and B3LYP levels. Thus, the
DFT-predicted value is in very good agreement with the CAS-
(12,12) results.

TiC4. Three linear isomers, a planar four-membered ring with
an exocyclic carbon or the kite isomeXI(), a planar five-
membered ring Xl ) or the fan isomer, and two tricyclic
nonplanar XIV and XV) nuclear arrangements have been
considered (Figure 4) for geometry optimizations in various
electronic states.

Linear Structures Three possible linear structures, viz., a
terminal titaniumlX, with an internal titaniunX and titanium
in the middleXI, have been considered for optimization. As
discussed under T the isomenX with a terminal titanium
is energetically more favored over the other two linear isomers.
The carbon atoms are multiply bonded in the linear chain. The
C—Tidistance decreases fraixqg to IXt to 1Xs, and this trend
is in contrast to that observed in the case of3Tith the latter,
it increases froniq to It toIs. Energetically)Xt is more stable
among the linear isomers. Nevertheleb§, lies 41.8 kcal/
mol above the global minimunXlllt . The vibrational analysis

(85.7 kcal/mol) the fan structure.

The global minimum is the fan structurdll (see Figure 5)
in its triplet multiplicity. The peripheral C bonds are shorter
than the transannular FiC bonds as observed in Ti{C The
calculated bond orders using Mulliken population analysis for
the peripheral and the transannularT bonds are, respectively,
0.99 and 0.47. The transannular-T0 bonds are much longer
than those in Tig The calculated harmonic vibrational
frequency for the symmetric FC stretching vibration being
472 cnt! and has the highest calculated intensity (62 km/mol).
Our calculated value is, indeed, in good agreement with the
experimental value for FiC absorption in TiG (440 cnr?).
The atomic charges derived from the Mulliken population
analysis for the linear and fan structures are shown in Figure 6.
The computed Mulliken population charges suggest theCTi
bonds to have ionic character, as a consequence of charge
transfer from titanium to the carbons. They are associated with
appreciable dipole moments owing to the significant charge
transfer. The reaction of titanium with carbon clusters giving
rise to TiG, is calculated to be exothermic. Exothermicity
depends on the number of ¥C bonds created as well as the

characterizes it as a minimum on all three surfaces. The relativenature of the individual bonds. The linear Ti¢) isomer has

stability of the linear structure over the ring structure decreases
along the series, TEC(AE =14.5 kcal/mol)— TiC; (AE =
28.9 kcal/mol)— TiC4 (AE = 41.8 kcal/mol).

An alternative linear isomer with an internal titanidtnhas
been identified as a higher energy minima on its quintet and
triplet surfaces. The €Ti distances show appreciable differ-
ences inXt, one being significantly smaller (1.686 A) and the
other significantly longer (2.153 A) than the-TC double bonds.
Isomer Xt could be visualized as the addition of TiC tg.C
The geometry ofXq is suggestive of a linear :FHC=C=C:
molecule bonded to #@ carbon through the titanium lone pair.
The highly symmetrical@.p) linear isomerXI| is a minimum
on its quintet surface and a higher order saddle point on its
singlet and triplet surfaces. The quintet surface can well be

a single T+-C multiple bond, while structur¥l hasn Ti—C
bonds. The carboncarbon bonds in the fan and linear
structures are around 1.3 A, which corresponds to the carbon
carbon double bond. The energetic gains from severalCTi
bonds are larger than that from a single-T multiple bond in
the linear structure. However, in structivk, the carbon chain
is no longer linear and the rings are strained. The strain in the
ring increases its energy and hence is a destabilizing factor.
However, in both TiGand TiG, systems, the gain due to several
Ti—C bonds overcomes the ring strain energy and hence the
fan structures are the most stable.

Nonplanar Structures Bicyclo[1.1.1] and tricyclo[1.1.1.0]
structures, namely, with carbons in the bridgehead posi¥tvis
or with a carbon and a titanium in the bridgehe@d centers,
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